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= (54) Title: BIOACTIVE COATING COMPOSITIONS AND METHODS 




^ (57) Abstract: The present invention provides a bioactive coating composition, method and devices for bodily fluid-contacting 
2 surfaces. The coating comprises a complex of Formula II: wherein Ri is an Ci.igalkyl or C6.32aryl group, each Ra is independendy 
selected from the group consisting of Ci.igalkyl and C6.32aiyl, R3 is N or O, n is a number from 1 to 10, and x in a number from 1 
Q to about 30, directly bound to a heparin-activity molecule via covalent bonding, with one or more bioactive molecules bound to the 
heparin-activity molecule. The bioactive molecule may be an adhesive molecule such as fibronectin, a growth factor such as basic 
fibroblast growth factor, or any other bioactive molecule that binds, by any mechanism, to a heparin-activity molecule. 
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BIOACnVE COATING COMPOSmONS AND METHODS 

5 CROSS-REFERENCE TO RELATED APPLICATIONS 

This application Is a continuation-in-part application of U.S. Patent Application Serial No. 
09/629.059, entitled Amphlpathic Coating for Modulating Cellular Adhesion Composition and 
H/lethods, to Paul O. Zamora, Ray Tseng and Shigemasa Osaki. filed on July 31. 2000, which is a 
contlnuaUon-in-part application of U.S. Patent /Vpplicatlon Serial No. 09/399,1 19, entitled Non- 
1 0 Thrombogenic Coating Compositions and Methods for Using Same, to Ray Tseng and 

Shigemasa Osaki, filed on September 20, 1999, which Is a continuation patent application of U.S. 
Patent No. 5,955,588, entitled Non-Thrombogenic Coating Compositions and Methods for Using 
Same, to Ray Tsang and Shigemasa Osaki, and the specification of each of the foregoing is 
incorporated herein by reference. 

15 

BACKGROUND OF THE INVENTION 



Field of the Invention (Technical Field): 

The present invention relates to coatings, methods of use of coating compositions, and 
20 coated contacting surfaces of medical devices, wherein the coating includes silyl-heparin with one 
or more bloactive molecules bound to the heparin, which bloactive molecules Include adhesive 
molecules, such as fibronectin for promoting cellular attachment, growth factor molecules, such 
as basic fibroblast growth factor for promoting cellular growth, and a variety of other therapeutic 
molecules for effecting one or more therapeutic purposes. 

25 

Background Art 

Note that the following discussion refers to a number of publications by author(s) and year 
of publication, and that due to recent publication dates certain publications are not to be 
considered as prior art vis-a-vis the present invention. Discussion of such publications herein is 
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given for more complete background and is not to be construed as an admission that such 
publications are prior art for patentability determination purposes. 

Heparin is naturally present in various tissues, Including liver and lung, as well as the 
luminal surfeoe of endothelial cells. It Is composed of repeating units of D-glucuronic add and D- 

5 glucosamine, both sulfiated. in a 1 ,4-a linlcage. Heparin Is an anticoagulant, and It has been 
reported that on the surface of endothelial cells it minimizes fibrin accumulation. When 
administered as a parenteral dmg, heparin activates anti-thrombin III, which leads to Inactlvation 
of thrombin and ultimately systemic inhibition of fibrin fonmation. 

A number of medical devices that come in contact with blood have been coated with 

1 0 heparin with the goal of taking advantage of its thrombo-resistant nature. Stents, catheters, 
oxygenator fibers, and cardiac bypass circuits are examples of medical devices that have been 
coated with heparin (Niimi et al.. Anesth Analg 89:573-9, 1999; Inui et a).. Artif Organs , 23:1107- 
12, 1999). Various strategies have been developed to attach heparin to medical polymer 
suriaces including chemical conjugation (Slefert et al., J Biomater Sci Polym Ed, 7:277-87, 1995), 

15 plasma glow discharge methods (Kim et ai., Biomaterials. 21:121-30, 2000), the combination of 
both, and hydrophobic interaction as described herein (U.S. Patent No. 5.955.588). 

Heparin has a number of other biological actions related to Its similarity to heparan 
sulfate. In the extracellular matrix. In the extracellular matrix, heparin and Its chemical relative 
heparan sulfate Is complexed into a scaffolding onto which cells attach. Heparin also binds to 

20 fibronectin and other adhesive molecules. In addition, extracellular matrix heparan sulfate and 
heparin also act as reservoirs for growth factors, not only binding growth factors but also 
protecting them from protease degradation. Fibroblast growth factor (FGF), platelet-derived 
growth ^ctor (PDGF), and bone morphogenic protein (BMP) are examples of growth factors that 
complex to heparin. 

25 The ability of heparin to bind adhesive molecules and growth factors has lead to a 

number of efforts to use heparin complexes to Improve implantable medical device surfoces by 
providing surfaces to which cells can attach and migrate. Other researchers have explored direct 
coatings of fibronectin, and peptides and peptide mimetics derived from fibronectin, with the goal 
of increasing cell attachment (Walluscheck et al., Eur J Vase Endovasc Surg, 12:321-30, 1996; 
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Boxus et al. J Bioorg Med Chem, 6:1577-95,1998; Tweden et al., J. Heart Valve Pis , 4 SuppI 
1:S90"7, 1995). Vascular grafts, for example, would be improved by a surface that supports the 
growth of endothelial cells. Current vascular grafts of polytetrafluoroethylene and polyethylene 
terephthalate do not support endothellzation, and consequently patients must be maintained on 

5 long-term anti-platelet therapy. 

Fibronectins function as adhesive, llgand molecules interacting with specific receptors on 
the cell surface. Ceils types that attach to fibronectin include fibroblasts, endothelial cells, smooth 
musde cells, osteoblasts, and chondrocytes. 

Other investigators have used heparin and fibronectin complexes to provide cell adhesion 

10 to polymeric surfaces. For example, heparin-albumin conjugates have been immobilized on 
carbon dioxide gas plasma-treated polystyrene (Bos et al., J. Biomed Mater Res, 47:279-91, 
1999) and complexed to fibronectin. The fibronectin on these surfaces increased the attachment 
of endothelial cells. Bos et al. ( Tissue Eng 4267-79, 1998) reported that endothelial cells grew to 
confluency on CO2 gas plasma-treated polystyrene coated with an albumin-heparin conjugate. 

15 Ishihara et al. (J Biomed Mater Res. 50: 144-152, 2000) reported that a heparin-conjugated 
polystyrene promoted cell attachment of fibroblasts, smooth muscle cell and endothelial cells. 
The fibroblasts grown on heparin-conjugated polystyrene had growth rates at least comparable to 
fibronectin-coated, gelatin-coated, or tissue culture-treated media. 

A simple method of efficiently complexing fibronectin. other adhesive molecules, growth 

20 factor molecules, and therapeutic molecules, including derivatives or mimics of the foregoing, to a 
heparin complex would have wide applicability for attaching cells to prostheses, including vascular 
grafts, bone and cartilage implants, nerve guides and the like. Particularty needed Is a method 
and composition permitting use of a wide variety of adhesive molecules, including fibronectin, 
laminin and the lil<e, and growth factor molecules, including FGF, as part of a coating for 

25 implantable medical devices. 

There further remains a need in the art for coating compositions for implantable medical 
devices that promote cellular attachment, and further wherein cellular attachment can be 
modulated by the quantity of adhesiv molecule, and which can b applied simply and easily with 
no specialized quipment or techniques. 
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A primary object of the present invention is to provide a coating composition for contacting 
surfaces of Implantabie medical devices, wtierein the composition comprises a siiyl-heparin- 
bioactive moiecule complex, attached to the contacting surface by hydrophobic Interaction. 

A further object of the invention is to provide an amphipathic sllyl-heparin-fibronectin 
5 coating composiUon for contacting surfaces of implantabie medical devices, which promotes 
cellular attachment. 

A fiirther object of the invention is to provide a coating the composition of which can be 
varied, such that absent an adhesive molecule the coating inhibits fibrin deposition, but when the 
coating includes an adhesive moiecule, the coating promotes celluiar attachment and ceil growth. 
10 A further object of ttie Invention is to provide a coating the composition of which can be 

varied, such tiiat in one embodiment ttie invention provides a sliyl-heparin-growth factor molecule 
composition, and in another embodiment tiie invention provides a siiyl-heparin-therapeutic 

molecule composition. 

A further object of the Invention is to provide coating compositions utilizing fibronectin, 
15 derivations of fibronectin. peptide mimics of fibronectin, lamlnin, vitronectin, thrombospondin, 
gelatin, collagen and subtypes thereof, gelatin, polylysine, polyomlttilne. and other adhesive 
molecules or derivatives or mimics of oUier adhesive molecules. 

Aforttier object of the invention is to provide coating compositions utilizing fibroblast 
groiArth factor, platelet-derived growfli factor, vascular endothelial growtii factor, hepatocyte 
20 growtti factor, placental growth factor, Insulln-like growtti factor, nerve growtti factors and 
neutotrophlns. heparin-blnding epidenrol growtii factor, transfomiing growth factor-p, bone 
morphogenetic protein 2, osteogenic protein 1 and keraflnocyte growtti factor, and oUier growth 
factor moiecuies or derivatives or mimics of other growth factor molecules. 

A furttier object of tiie present Invention is to provide a cost effective and commercially 
25 feasible mettiod for coating polymerfc medical devices, including biodegradable medical devices, 
with a coating comprising a bioactive molecule. 

A furttier object of the present Invention is to provide a cost effective and commercially 
feasible method for coating polymeric medical devices. Including biodegradable medical devices, 
wltti a coating comprising a silyl-heparin-btoactive molecule composition. 
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A primary advantage of the present Invention is that it provides for coating contacting 
surfaces of medical devices of complex geometries and surfaces with a durable and low-cost 
coating that promotes the desired biological or therapeutic effect, depending on the bloactive 
molecule selected. 

5 Another advantage of the present invention is that It provides a method for detennining the 

disassociation rate of silyl-heparin-bioactive molecule complexes from contacting surfaces by, In 
part, determining the number or sllyl units per silyl moiety, or the number of silyl moieties per 
heparin molecule, or both. 

Other objects, advantages and novel features, and further scope of appllcabilily of the 

10 present invention will be set forth in part in the detailed description to follow, taken in conjunction 
with the accompanying drawings, and in part will become apparent to those skilled in the art upon 
examination of the following, or may be learned by practice of the invention. The objects and 
advantages of the inventfon may be realized and attained by means of the instrumentalities and 
combinations partlculariy pointed out in the appended claims. 

15 

. BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying drawings, which are Incorporated into and fonm a part of the 
specification, illustrate several embodiments of the present invention and. together with the 
description, serve to explain the principles of the invention. The drawings are only for the purpose 
20 of illustrating a preferred embodiment of the invention and are not to be construed as limiting the 
invention. In the drawings: 

Fig. 1 is a titration plot of the amount of fibronectin and silyl-tieparin needed to support cell 

attachment; 

Fig. 2 A and Fig. 2 B depict the absort3ance resulting from heparin and fibronectin added 
25 in serial doubling dilutions measured using assays; 

Fig- 3 depicts a comparison of the inhibition of basic fibroblast growth factor (bFGF) 
binding to heparin-agarose by heparin and various silyl-heparin complexes detennlned by 
immunochemical methods. The silyl moiety contained three silyl units, with between 5 and 20 
silyl moieti s per heparin molecule; 
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F\g. 4 A and Fig. 4 B are plots of the bFGF concentration on signal strength, using 
primary and secondary antibodies at a dilution of 1 :500 (A) and at a dilution of 1 :250 (B). The 
data represents the average ± S.D.; 

Fig. 5 is a plot depicting the effect of complexing adhesive molecules to silyl-heparin on 
6 subsequent binding of bFGF. All adhesive molecules (fibronectin, fibrinogen and type IV 

collagen) were complexed to silyl-heparin at a concentration of 100 pg/mL with unbound material 
rinsed prior to binding of bFGF. The data is the average ± S.D, with the asterisic indicating p < 
0.05 by Student's t-test; 

Fig. 6 is a plot depicting the effect of FGF-silyl-heparin from coated sutures across a 
1 0 porous membrane on the growth of bovine aorta endothelial cells after 4 days as determined by 
crystal violet staining. Data is the average absorbance ± S.D., with the asterisk indicating p < 
0.05 by Student's t-test; 

Fig. 7 is a plot, averaged from four different implants, depicting the diameter of granulation 
tissue surrounding suture implants with no coating, silyl-heparin. or FGF-silyl-heparin; and 
1 5 Fig. 8 is a plot of binding of vascular endothelial growth factor (VEGF) to silyl-heparin, 

detected using antl-VEFG antibodies. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
(BEST MODES FOR CARRYING OUT THE INVENTION) 
20 The present invention relates to bioactive coating compositions comprising a silyl-heparin- 

bloactive molecule complex, methods for making and using the same, and devices including the 
same. The sllyl comprises a hydrophobic sllyl moiety of Formula I: 




J X 



wherein Ri is an Ci.ia alkyi or C^a aryl group, each Ra is independently selected fipom the group 
25 consisting of Cmb alkyl and Cm2 aryl. R3 is N or O. and n is a number from 1 to 10. X is from 1 to 
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about 30, such that from 1 to about 30 sllyl moieties are covalently bound to a heparin molecule. 
One or more bioactive molecules, which may be the same or different, are bound to the heparin 
molecule. 

In one embodiment, the present Invention provides bioactive molecules that are adhesive 
5 molecules, thereby forming an amphiphatic coating that resists fibrin accumulation and promotes 
cell attachment. In another embodiment, the present invention provides for bioactive molecules 
. that are growth factors molecules, thereby forming a coating providing for regional or localized 
delivery of the growth factor molecules. In yet another embodiment, the present Invention 
provides for bioactive molecules that are therapeutic molecules, thereby forming a coating 
10 providing for regional or localized delivery of the therapeutic molecules. 

In another embodiment, the present invention provides medical devices with the 
contacting surface thereof coated with moieties of Fomriula I, which moieties are covalently 
bonded to a heparin molecule, with one or more bioactive molecules bound to the heparin 
molecule. The invention further includes medical devices coated with moieties of Formula I, 
1 5 which moieties are covalently bonded to a heparin molecule, but without a bioactive nnolecule 
bound to the heparin, wherein the coating inhibits fibrin accumulation and cellular adhesion. 

In another embodiment, the present Invention provides a fibrin-resistant medical device 
that promotes surface cellular adhesion within the body, the device having surfaces for contacting 
blood, cells, tissues, or other fluids. The blood- or cell-contacting surfaces have coated thereon a 
20 coating composition including the moieties of Fomnula I, which moieties are covalently bonded to 
a heparin molecule, with an adhesive molecule, including but not limited to fibronectin, complexed 
by affinity Interaction to the heparin. 
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In another aspect, the invention provides a complex of Fomiula II: 














Bioactive Molecule 




- Heparin 




X 





II 

wherein Ri Is an Cms alkyi or Ce^ aryl group, each R2 is Independently selected from the group 
consisting of Ci.ia alkyI and 0^2 aryi. R3 is N or O, n is a number from 1 to 10, and x is a number 
5 from 1 to about 30. 

These and other aspects of the present Invention are described further in the description 
and examples of the invention which follow. 

Unless othenAfise defined, all technical and scientific temns employed herein have their 
conventional meaning in the art. As used herein, the following temis have the meanings ascribed 
10 to them. 

"AlkyI" refers to linear branched or cyclic, saturated or unsaturated Cms hydrocarbons 
such as methyl, ethyl, ethenyl, propyl, propenyl, iso-propyl. butyl, iso-butyl, t-butyi. pentyl. 
cydopentyl, hexyl, cyclohexyl, octyl. and the like. 

"Aryl" refers to unsaturated hydrocarbon rings that may be substituted from 1-5 
15 times with alkyl, halo, or other aryl groups. Aryl also Includes bicydic aryl groups. Specific 
examples of aryl groups Include but are not limited to phenyl, benzyl, dimethyl phenyl, tolyl, 
methyl benzyl, dimethyl benzyl, trimethyl phenyl, ethyl phenyl, ethyl benzyl, and the like. 

"Adhesive molecule" refers to molecules which promote cellular attachment, adhesion or 
growth. Including fibronectin, laminin. vitronectin, thrombospondin, heparin-binding domains, and 
20 heparan sulfete binding domains, as well as synthetic polymers of amino acids containing 

adhesive sequences derived from any of the foregoing. This includes, without limitation, peptides 
or polypeptides containing the amino acids with the single letter codes RGD, IKVAV, YIGSR, and 
the like. Adhesive molecules also include lectins that bind to heparin and carbohydrate moieties 
on cell surfaces. 
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"Bioactive molecule" refers to any molecule with biological activity within the body, 
including molecules used as a drug, to effect a biochemical change In an organism, or to confer a 
benefit to an organism. The bioactive molecule preferably binds to one or more forms of heparin. 
A bioactive molecule includes an adhesive molecule, a growth factor molecule and a therapeutic 
5 molecule as disclosed herein. A bioactive molecule further includes art conventional drugs, 

compounds, molecules, peptides, peptidomimetics, antibodies and fragments and mimics thereof, 
and the like. A bioactive molecule may. but need not, bind to a receptor in the organism, be a 
receptor for an endogenous substance found in an organism, or be an agonist, antagonist, or a 
mixed agonist-antagonist of a receptor-mediated process or reaction. In a prefen-ed embodiment, 
10 the bioactive molecule may be bound to heparin by any means known in the art, including but not 
limited to affinity binding. 

"Growth factor molecule" refers to any growth factor, mimic of a growth factor, derivative 
of a growth factor, or other molecule that has the effect of a growth factor. This includes fibroblast 
growth factor, platelet-derived growth factor, vascular endothelial growth factor, hepatocyte 
1 5 growth factor, placental growth factor, Insulin-like growth factor, nerve growth factors and 
neurotrophins. heparin-binding epidemial growth factor, transforming growth factor-p, bone 
morphogenetic protein 2 (BI^P-2), osteogenic protein 1 (OP-1, also called BMP-7) and 
keratinocyte growth factor. It further includes peptides, peptidomimetics and other molecules, 
whether made by synthetic means, recombinant means or otherwise, which have the biological 
20 activity of a growth factor, including wiflnout limitation any of the foregoing. In a prefen^ed , 

embodiment, the bioactive molecule may be bound to heparin by any means known in tiie art, 
including but not limited to afRnlty binding. 

"Heparin" as used herein Includes complex carbohydrates or mlmetics of complex 
carbohydrates with properties similar to tiiose of heparin. Including heparan sulfate, hyaluronic 
25 acid, dextran, dextran sulfate, chondroitin sulfate, dermatan sulfate, and tiie like. Including but not 
limited to a molecules including a mbcture of variably sulfated polysaccharide chains composed of 
repeating units of D-glucosamlne and eittier L-iduronic or D-glucuronic acids, salts of any of ttie 
foregoing and derivatives of any of the foregoing. 
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Therapeutic molecule" refers to any molecule having a therapeutic effect, such as a 
chemokine. hormone, anglogenesis Inhibitor or drug, and particularly a therap utlc molecule 
Intended for local or regional delivery within the body over a sustained period. Examples of 
chemokines and modulators of the immune system Include C-X-C chemokines, interferon 

5 gamma, macrophage inflammatoiy protein-1 . interleukins, such as IL-I , IL-2, IL-3, IL-4, IL-6, IL-7 
and IL-8. interferon-gamma Inducible protein-10. RANTES, HIV-tat-transacllvating factors, and 
granulocye/macrophage-colony stimulating factor. Examples of angiogenisis inhibitors Include 
platelet factor-4 {PF-4), C-X-C chemokines lacking the ELR motif (ELR- C-X-C chemokines), 
endostatin and angiostatin. Examples of doigs include amino glycosWe antibiottes. including 

1 0 streptomycin, gentimicin and neomycin B; and anti-cancer antibiotics, Including acBnomycIn D, 
daunorubicin. doxorubicin, bleomycin, rapamycin and paclitaxol. In a preferred embodiment, the 
therapeutic molecule may be bound to heparin by any means known In the art, Including but not 
limited to affinity binding. 

In the following discussion and examples, ">iL" means microliter, "mL" means milliliter, "L" 

15 means liter, "jig- means microgram, "mg" means milligram, "g" means gram, "mol" means moles, 
"M" means molar concentration. "Me" means methyl; "Bn" means benzyl. "nBU4NI" means 
tetrabutyl-ammonlum iodide, C" means degrees Centigrade. All percentages are in percent by 
weight unless otherwise indicated. 

20 Silyl-Heparin Compositions 

The silyl-heparin compositions of the present Invention Include a oovalent complex of one 
or more hydrophobic silyl moieties with heparin. Heparin is a mixture of variably sulfated 
polysaccharide chains composed of repeating units of D-glucosamine and eitiier L-lduronIc or D- 
glucuronic acids. 

25 Any suitable fonn of heparin may be employed in tiie reaction. A variety of salts of 

heparin and heparin derivatives are known In tiie art. For example, conventional salts of heparin 
indude sodium heparin, calcium heparin, magnesium heparin, and potassium heparin. Heparin 
derivatives Include, but are not limited to ammonium heparin, benzalkonium heparin, and tiie like. 
Sodium heparin is a preferred fomi of heparin for preparing the covalent complexes according to 
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the present Inv ntlon. All of the foregoing are Included within the definition of "heparin" given 
above, together with salts and derivatives thereof 

The silyl nnoiety Is represented by Fomnula I wherein Ri is an Cms alkyi or aryl 
group, each R2 is independently selected from the group consisting of Cms aikyl and Ce^ aryl. 
5 Ra Is N or O, and n is a number from 1 to 10. As will be apparent to those skilled in the art, R3 is 
an N or O atom in the heparin molecule, and the unoccupied bond from R3 signifies the 
attachment of the silyl moiety to the heparin molecule. Thus, the hydrophobic silyl moiety is 
capable of attachment to the heparin molecule at either an O atom of an alcohol (i.e., hydroxyl) or 
an N atom of an amine. 

iO Heparin comprises many repeating units containing amine and hydroxyl functional groups 

whteh can be the site for attachment of the hydrophobic silyl moiety to the heparin molecule. 
Accordingly, one embodiment of the present Inventfon contemplates the attachment of more than 
1 hydrophobic silyl moiety to a single heparin molecule. As many as 30 or more hydrophobic silyl 
moieties of Formula I, and as few as 1 hydrophobic silyl moiety, may be attached to a single 

1 5 heparin molecule to achieve the covalent complex employed in the heparin coating compositions 
of the present invention. In one embodiment of the present invention, between 2 and 25 
hydrophobic silyl moieties are attached to a single heparin molecule. In another embodiment, 
between 5 and 20 hydrophobic silyl moieties are attached to a single heparin molecule. In 
another embodiment, between 7 and 15 hydrophobic silyl moieties are attached to a single 

20 heparin molecule. In a preferred embodiment. 7 or 8 hydrophobic silyl moieties are attached to a 
single heparin molecule. In another prefenred embodiment 12 hydrophobic silyl moieties are 
attached to a single heparin molecule. 

As disclosed herein, the silyl-heparin complex is bound to the contacting surfiace of a 
medical device by means of hydrophobic Interaction between the hydrophobic silyl moiety and the 

25 contacting surface, which is preferably also hydrophobic. The strength of the attachment, and the 
disassociation rate of silyl-heparin complexes from the contacting surface, is determined by at 
least three factors: the number of silyl units per silyl moiety (i.e., where n is a number between 1 
and 10), the number of silyl moieties per single heparin molecule (Le., where x is a number 
between 1 and about 30), and the degree of hydrophobidty of the contacting surfece. For 
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applications where minimal or functionally no disassociatlon Is desired, such as certain 
applications with adhesive mo! cules bound to the siiyl-heparin complex, the number of silyl units 
per silyl moiety and the number of silyl moieties per heparin molecule may each be increased to 
the optimal number for maximal binding strength, and similariy the contacting surface may be 

5 selected so as to provide optimal hydrophobic binding with the silyl moieties. For applications 
where controlled release over time is desired, such as certain applications with growth factor or 
therapeutic molecules bound to the siiyl-heparin complex, fewer silyl units per silyl moiety or fewer 
silyl moieties per heparin molecule, or both, are selected, or a contacting surface providing 
decreased hydrophobic binding to the silyl moiety is selected, or a combination thereof, such that 

10 the desired release over time in vivo Is obtained. 

In those embodiments wherein more than one hydrophobic silyl moiety is attached to a 
single heparin molecule, the hydrophobic silyl moieties may be attached either through the amine 
of heparin (e.g.. where R3 Is N) or through the hydroxyl group of heparin (e.g., wherein R3 is O). 
In other words, some of they hydrophobic silyl moieties may be attached to the heparin molecule 

1 5 via bonding at the amine groups of heparin, while other hydrophobic silyl moieties are attached to 
the heparin molecule via bonding at the hydroxyl groups of heparin, it is also possible for all of the 
hydrophobic silyl moieties to be consistently attached to heparin via one or the other of the amine 
(e.g.. R3 in all hydrophobic silyl moieties is N) or the alcohol (e.g., R3 in ail hydrophobic silyl 
moieties is O). 

20 The bonds between the hydrophobic silyl moieties and the heparin molecule that effect 

the attachment of the silyl moieties to the heparin molecule are covaient bonds. Thus, the coating 
compositions of the present Invention do not rely upon ionic interactions between heparin and the 
hydrophobic moiety. Rather, the hydrophobic moieties are bonded to the heparin molecule by 
covaient bonding through either the amine or hydroxyl groups (or possibly a combination of both 

25 amine and hydroxyl groups when two or more hydrophobic silyl moieties are attached a single 
heparin molecule). Because the hydrophobic silyl moiety is bound to the heparin molecule 
through covaient bonding, the present invention overcomes one wealcness of conventionally 
Icnown heparin coatings. Specifically, the problem of heparin leaching from th coating as a result 
of the breaking of the ionic bond between heparin and the group which attaches heparin to the 
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surfac Is overcome by avoiding reliance upon ionic bonding int ractions betw en heparin and 
the binding group. In th present invention, the covalent bonds between the hydrophobic silyl 
moieties and the heparin molecule In the coating composition are not disrupted by the presence 
of ionic species in the blood vi^ith which the coated surface will come Into contact. The data 

5 demonstrate that this process of covalent modification also does not lead to detrimental loss of 
heparin activity as monitored by a Factor Xa/antlthrombin III chromogenic substrate assay on the 
surface of target substrates. 

The covalent complex according to the present invention can be prepared according to 
the following Scheme 1 . 

10 Scheme 1 



R2 R2 THF „ c, 1)K0Ac/DMF %(^^^^OH 

Ri-MgCI+ .Si CI ^ Rw y nJT 

^ C,/ \y ^\ ^Vn 2)NaOMe/M80H 



1) {CCl30)2CO 
NazCOs/CHaClz 

2) HON(COCH2)2 
EtsN/CHzCIs 



^2 1 . 1/xHEP + DMAP ^ ^Ki^^^^ n n ts^ 

Wherein Ri is an C,.i8 alkyi or CM2aryl group, each R2 is independently selected from the group 
consisting of Cms ailcyl and 0^^ aryl. R3 is N or O, n is a number from 1 to 10, and x is a number 

15 from 1 to about 30. 

Generally, the first intermediate, Ri(Si(R2)2CH2)nCI, wherein n is 1, is produced by 
reacting an alkyI or aryl magnesium chloride with a chloro{chloromethyl)-d'ialkyl silane or 
chloro(chloromethyl)diaryl sflane In the presence of tetrahydrofuran (THF). The alkyI or aryl 
magnesium chlorides used as starting materials are commeroially available, and include, for 

20 example benzyl magnesium chiorlde. Chloro(chloromethyl)dfalkyl slianes and 

chloro(chloromethyl)diaryl silanes are commercially available and include, for example 
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is exothermic, and Is typically conducted at 
I Is canied out for a sufficient period of time to 
1 is conducted over a period of from about 2 to 

r can be produced using a Grignard reaction 
rein n is 1 with CIS1(R2)2CH2C1. This Grignard 
achieve the desired value for n in the first 
Bsence of a catalytic amount of iodine and THF. 
is converted to the second intermediate, 
ate with potassium acetate (KOAc) in dimethyl 
Lit MO"" C, and preferably about 135"" C, for 
action is then reacted vinth sodium methoxide 
out 2 hours to achieve the second intermediate, 
the last Intennnediate, 

eaction process. In the first step, the second 
urn carbonate in methylene chloride at a 
tout 0** C. The product of this reaction is reacted 
N) in methylene chloride at a temperature of less 

gated to heparin by reacting heparin with the 
r/dimethyl fonfnamide) at a pH of about 8.0 to 
^on Is controlled by the addition of base such as 
Preferably, a slight excess of 4- 
ase for the conjugation reaction with 
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heparin. Using these general methods, the covalent silyl-heparfn complexes of the present 
invention can be produced. The covalent complexes have the general Formula 111: 




Heparin 



III 

5 wherein Ri is an Ci-18 alkyi or C^z aryl group, each R2 is Independently selected from the group 
consisting of C,-i8 all^yl and 0^2 aryl, R3 is N or O of heparin, n is a number from 1 to 1 0, and x is 
a number fifom 1 to about 30. 

Preferred complexes include those complexes wherein Ri of the hydrophobic silyl moiety 
is aryl. In one prefenred embodiment, Ri is benzyl. In one preferred embodiment, each R2 is 
10 alkyl. In one particularly prefen-ed embodiment, each R2 is {selected from the group consisting of 
methyl, ethyl, propyl, and isopropyl. particularly methyl. In one prefen^ed embodiment, n is a 
number from 2 to 3. 

Specific examples of covalent complexes according to the present invention include but 

are not limited to |benzyl-bls(dimethylsilylmethyl)>(N4ieparinyl)-carbamate. [benzyl- 
1 5 tris(dimethylsilylmethyI)HN-heparinyl)-carbamate, and dodecyl[benzyl-bis(dimethylsilylmethyl)]- 

(N-heparlnyl)-carbamate. Although these three specific covalent complexes are examples of 
' currently prefenred covalent complexes having the general Fonnnula III above, other specific 

examples of such complexes will be apparent to those skilled in the art and are contemplated by 

the instant invention. 

20 The silyl-heparin coatings of the present invention include the sliyl-heparin covalent 

complexes described above. In addition to the silyl-heparin covalent complex, the coating 
composition may also include one or more solvents that facilitate the processes of applying the 
composition to the surface. Suitable solvents include those which at least partially solubilize the 
covalent complex and which do not interfere with the anti-thrombogenic activity of heparin. 

25 Examples of solvents which may be employed in the coating compositions of the present 
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invention include but are not limited to aqueous solv nts, alcohols, nitriles, amides, esters, 
ketones, ethers, and the like. "Aqueous", with reference to solutions or solvents, refers to 
solutions or solvents that consist primarily of water, normally greater than 90% water by weight, 
and includes essentially or substantially pure water. For example, an aqueous solution or solvent 

5 can be distilled water, tap water, or the like. However, an aqueous solutton or solvent can also 
include water having substances such as pH buffers, pH adjusters, organic and Inorganic salts, 
alcohols (e.g., ethanol), sugars, amino acids, or surfactants incorporated therein. The aqueous 
solution or solvent may also be a mixture of water and minor amounts of one or more co-solvents, 
including agronomlcally suitable organic co-solvents, which are miscible therewith, or may fonm 

10 an emulsion therewith. Examples of suitable alcohol solvents include but are not limited to 

methanol, ethanol. propanol, isopropanol, hexanol, as well as glycols such as ethylene glycol and 
the like. Examples of suitable nitriles Include acetonitrile, propionitrile, butyronitrile, benzonitrile 
and the like. Examples of suitable amides include formamide. N.N-dimethylformamide. N.N- 
dimethylacetamide and the like. Examples of suitable esters include methyl acetate, ethyl acetate 

15 and the like. Examples of suitable ketones include acetone, methyl ethyl ketone, diethyl ketone 
and the like. Examples of suitable ethers include diethyl ether, tetrahydrofuran. dioxane, 
dimethoxyethane and the like. Any two or more of any of the foregoing solvents may be utilized in 
the coating composition as well. Cun-ently prefen-ed solvents include water, particularly distilled 
water, isopropanol, acetonitrile, and combinations of any two or more of these solvents. 

20 In one preferred embodiment, the silyl-heparin covalent complex is solubilized in solvent 

to achieve a concentration of between about 0.01 and about 10 percent by weight, preferably 
between about 0.1 and about 1 percent, and more preferably about 0.125 percent 

In addition to the foregoing solvents, the silyl-heparin coating compositions of the present 
invention may also include therein various conventional additives. Examples of additives which 

25 may be incorporated into the compositions of the present Invention Include but are not limited to 
benzalkonium, 4-dimethylaminopyridlnium, tetrabutylammonium halides, and the like. 
Contacting Surfaces of Medical Devices 

The coatings may be applied to any of a wide variety of contacting surfaces of medical 
devices. Contacting surfaces includ , but are not limited to. surfaces that are intended to contact 
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blood, cells or other bodily fluids or tissues of a mammal, Including specifically a human. Suitable 
contacting surfaces include on or more surfaces of medical devices that are intended to contact 
blood or other tissues. The medical devices Include sutures, graft materials, wound dressings, 
wound coverings, bone waxes, bone prostheses, aneurysm colls, embolization particles, 
5 microbeads, stents, catheters, shunts, grafts, artificial blood vessels, nerve-growth guides, 

artificial heart valves, prosthetics, pacemaker leads, in-dwelling catheters, cardiovascular grafts, 
bone replacement wound healing devices, cartilage replacement devices, urinary tract 
replacements, orthopedic implants, opthalmic implants and other medical devices known In the 
. art. Other examples of medteal devices that would benefit from the application of the present 
10 Invention will be readily apparent to those skilled In the art of surgical and medical procedures and 
are therefore contemplated by the instant invention. The contacting surface may Include a mesh, 
coil, wire. Inflatable balloon, or any other structure which is capable of being Implanted at a target 
location, including intravascular locations, intralumenal locations, locations within solid tissue, and 
the like. The implantable device can be intended for pemnanent or temporary Implantation. Such 
15 devices may be delivered by or Incorporated into intravascular and other medical catheters. 

Suitable contacting sur^ces include metals such as stainless steel, nitinol, titanium, 
tungsten, platinum, graphite and metal alloys; ceramics: any of a variety of polymeric materials 
such as polyvinyl chloride, polyethylene, polylactide, polyglycollde, polycaprolactone, polymethyl 
methacrylate, poiyhydroxylethyl metHacrylate. polyurethane, polystyrene, polycarbonate, dacron, 
20 polytetrafluoroethylene and extended polytetrafluoroethylene (Teflon®), related fluoropolymer 
composites (Gore-Tex®), polyester, polypropylene, polyamide, polyacrylate polyvinyl alcohol and 
copolymers of any two or more of the foregoing; siloxanes such as 2,4,6,8- 
tetramethylcyclotetraslloxane; natural and artificial rubbers; and glass. In general, the contacting 
surface that may be coated with a sllyl-heparin-bioactive molecule of the present Invention 
25 includes any surface that has an affinity or attraction to the hydrophobic silyl moiety. Such 
surfaces are typically hydrophobic surfaces. 

In one embodiment, the contacting surface may be a biodegradable or bioerodible 
material. Biodegradable or bioerodlbl mat rials are known in the art, and include polyanhydrides. 
polyglycolFc acid, polylacBc/polyglycolic acid copolymers, polyhydroxybutyrate-valerate and other 
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aliphatic polyesters. Biodegradable implantable materials are described in U.S. Patent Nos. 
5,656^97; 5,543,158; 5,484,584; 4,897.268; 4,883.666; 4,832.686; and 3.976.071. In one 
embodiment, a bloabsorbabte polymeric contacting surface Is made from a biocompatible 
polymeric material such as polycaprolactone, poly(D,L-lactide), poIy(L-lactIde), polyglycollde. 
5 poly(dioxanone). poly(glycollde-co-trimethylene cariDonate), poly(L-lactide-co-glyconde). poly(D.L- 
lactide-co-glycolide), poly{Uactide-co-D.L-lactide) or poly{glycolide-co-trimethylene carbonate-co- 
dioxanone). In one embodiment, the persistence of the bioabsort)able polymeric stmclural 
component within a living organism is In excess of the anticipated period over which the bloactive 
agent will provide a therapeutic effect, and is preferably In excess of at least two such periods. 

10 

Application of Sllvl-Heparin Complex 

The silyl-heparin complex may be coated onto any of the contacting surfaces as set forth 
above. Any suitable method for applying the silyl-heparin complex to the surface may be 
employed. One suitable method for applying the silyl-heparin complex to the contacting surface is 

15 by dipping the contacting surface into a coating composition containing the silyl-heparin complex 
of the present invention. A liquid coating composition containing the sOyl-heparin complex of the 
present invention may be prepared using any of the solvents described above. The surface is 
dipped or Immersed Into a bath of the coating composition. Typically, the dipping process is 
carried out at elevated temperatures, such as between about 30* C and about 80° C. and for a 

20 defined period of time, such as for a period of between about 5 and about 20 minutes, preferably 
about 10 minutes. Thereafter, the surfiace may be allowed to remain In contact with the coating 
composition containing the silyl-heparin complex for a period of between about 1 5-60 minutes, 
preferably about 20 minutes, at room temperature. 

Another method that may be employed for coating or applying the coating compositions 

25 of the present invention onto a contacting surface includes use of pumping or spraying processes. 
In a pumping process, a coating composition having a concentration of between 0.05 and about 6 
percent (w^) silyl-heparin complex Is pumped through that portion of a medical device including a 
contacting surface for about 30 minutes. Thereafter any excess coating composition may be 
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washed out with water or saline. Similarly, the contacting surface may be coated with the coating 
composition by spraying. 

Following coating, the resulting silyl-heparin complex coated surfece is typically washed 
with water or other aqueous solutions prior to drying. Advantageously, the foregoing methods for 

5 applying the coating composition to a surtece are relativeiy quick, commercially feasible and cost- 
effective. They require no special equipment or special technical training, and can be applied to 
devices with complex surface geometries. Thus the silyl-heparin complex may be applied to any 
contacting surface, including three-dimensional matrices, rods, coils, tubes, sheets, pins, screws, 
threads, braids, beads, particles, spheres and combinations thereof. 

10 The hydrophobic interaction between the hydrophobic contacting surface and the 

hydrophobic silyl moieties of the silyl-heparin complex forms a bond between the silyl moiety of 
the silyl-heparin complex and the surface. This hydrophobic interaction is sufficiently strong so as 
to provide a reasonable stable bond between the covalent complex and the surface. 
Advantageously, and depending in part on the hydrophobicity of the material of the contacting 

1 5 surface, a definable disassociation rate may be obtained, such that a given percentage of silyl- 
heparin complexes, together with the bioactive molecule bound to heparin, disassociate from the 
contacting surfece, thereby providing for local or regional delivery of the bioactive molecule over a 
period of time. Such disassociation rate may be detennined, in part, by the number of silyl units 
per silyl moiety or the number of silyl moieties bound to each heparin molecule, or both, and 

20 accordingly such numbers are selected based. In part, on the desired disassociation rate. 

Adhesive Molecule Complexation and Use 

The bioactive molecule may be an adhesive molecule such as fibronectin. Fibronectin 
has known and demonstrated affinity for heparin. Fibronectins are composed of two similar 
25 protein chains, with each chain Including one domain for cell binding and two domains, one at 
each end of the chain, for heparin binding. Affinity binding of fibronectin results in an affinity 
constant of approximately 10^ M/L 

Any form of fibronectin may be employed, including fibronectin deriv d firom cells, plasma, 
or tissues, natural or genetically engineered, and of human origin or derived from another animal 
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specles. Other adhesive molecules, as defined above, may also be employed, utilizing the 
methods described herein for fibronectin. 

Following coating of the contacting surbce with a silyt-heparin complex, the fibronectin 
may be affinity complexed to the heparin, resulting in a silyl-heparin-fibronectin complex. To 

5 affinity complex the fibronectin, the fibronectin is solubilized in one or more solvents which 
facilitate the processes of applying the fibronectin composition to the silyl-heparin-coated 
contacting surface. Suitable solvents Include those which at least partially solubilize fibronectin 
and which do not interfere with the activity of heparin or the cellular-attachment activity of 
fibronectin. Examples of solvents that may be employed In the present invention include aqueous 

10 solutions as defined above; aqueous solutions containing alcohols, nitriles, amides, esters, 

ketones, ethers, and the like; and alcohols, nitnles, amides, esters, ketones, ethers, and the like. 
Aqueous solutions are pariicularly useful for non-synthetic fibronectlns and organic-based 
solvents are particularly useful for synthetic fibronectlns and peptides derived therefrom. 

The fibronectin composition can be applie,d to the silyl-heparin-coated contacting surfiace 

1 5 to render the contacting surfiace suitable for cellular adhesion and attachment. Any suitable 
method for applying the fibronectin composition to the surface may be employed. One suitable 
method for applying the fibronectin composition to the silyl-heparin-coated contacting surface is 
by dipping the silyl-heparin-coated contacting surface into a fibronectin composition of the present 
invention. The silyl-heparin-coated surface is dipped or immersed into a bath of the fibronectin 

20 solution. Typically, the dipping process is carried out at elevated temperatures, such as between 
about 30' C and about 80** C, and preferably between about 40° C and about 50° C. for a period 
of between about 5 and about 60 minutes, preferably between about 20 and about 30 minutes. 

Other methods that may be emptoyed for coating or applying the fibronectin solutions of 
the present invention on to silyl-heparin-coated suriiaces include use of pumping or spraying 

25 processes. In one embodiment, the fibronectin solution has a concentration of between 0.05 and 
about 5 percent (w/v) fibronectin. and is pumped through that portion of a medical device 
including a contacting surface for about 30 minutes. Thereafter any excess coating composition 
may be washed out with water or saline. Similariy, the contacting surface may be coated with the 
coating composition by spraying. 
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Followlng attachment of the fibronectin to the heparin f the silyl-heparln complex of the 
composition onto the contacting surface, the contacting surface may be washed >with water or 
saline prior to drying. Advantageously, the foregoing methods for applying the coating 
composition to a surface are relatively quick, commercially feasible and cost-effective. 
5 In an altemative embodiment, the fibronectin may be oomplexed in an aqueous solution 

with sllyl-heparin. and then the entire silyl-heparin-fibronecUn complex attached to the contacting 
surface. In this embodiment, the sflyl-heparin is dissolved In an aqueous solution and mbced with 
a predetermined amount of fibronectin. such that the fibronectin Is essentially entirely complexed 
with ttie silyl-heparin. An organic solvent such as isopropanol may be added to the aqueous 
10 solution to a concentration of between 20% and 80%, and preferably about 35%. Under these 
conditions the silyl-heparin-fibronectin complex undergoes the fonnatlon of micelles, with the 
fibronectin-heparin portion of the complex sequestered on the Inside of the micelle. A solution of 
micelles can then be applied to the surface of a contacting surface, thereby allowing the micelles 
to associate with such contacting surface by hydrophobic interaction. Rinsing in an aqueous 
1 5 solution may then be employed to remove excess unbound material and allow the heparin- 

fibronectin to associate In the aqueous phase. This approach may advantageously be used with, 
for example, fibronectin-derlved peptide polymers. 

In yet another embodiment, other adhesive molecules may be employed in addition to the 
adhesive molecules discussed above. These include, without limitation, polylysine. polyomithine. 
20 and simflar moiecules with net positive charges that associate with heparin by charge-charge 
interaction and thereby provide ceil adhesive properties. Polylysine and polyomithine are known 
to enhance cell attachment on certain types of cell culture ware, and may be applied and bound to 
sllyl-heparin complexes as described herein. 

A variety of growth factors and cytokines can also be complexed to extracellular matrix 
25 heparin or heparan sulfate and employed as adhesive molecules. The bound growth factors can 
thereby be used to promote cell adhesion by providing a display of ligands to which cell surface 
rBceptors can bind. Fibroblast growth factor (FGF). platelet-derived growth factor (PDGF), and 
bone morphogenic protein (BMP) are examples of growth factors that complex to heparin. 
Simllariy, cytokines are known to interact with heparin, and cytokines, such as gamma-lnterferon, 
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may be bound to extracellular matrix heparin or heparan sulfate compositions of this invention, 
including the silyl-heparin complexes. 

In yet another embodiment, more than one type of adhesive molecule may be bound to 
silyl-heparln complex. Thus, both a growth factor and fibronedln may be applied to the silyi- 

5 heparin complex such that the composition contains both types of adhesive molecules. For many 
adhesive molecules, affinity binding to heparin is through distinct receptors, such as with 
fibronectin and a fibroblast growth factor, for example. The bound growth factor thereby provides 
a mechanism to maximize cellular growth on the coated surface. 

The heparin and fibronectin coating compositions of the present Invention can be applied 

1 0 to contacting surfaces that contact blood, tissue, ceils or other bodily constituents of any of a wide 
variety of medical devices, thereby providing the medical device with one or more contacting 
surfaces promoting cellular adhesion and attachment. Examples of specific medical devices 
which may be advantageously treated with the a silyl-heparin-adheslve molecule complex include, 
but are not limited to, artificial blood vessels, blood shunts, nerve-growth guides, artificial heart 

15 valves, prosthetics, pacemaicer leads, in-dwelling catheters, cardiovascular grafts, bone 

replacements, wound healing devices, cartilage replacement devices, urinary tract replacements 
and the like. Other examples of medical devices which would benefit from the application of the 
adhesive molecule coating compositions of the present Invention will be readily apparent to those 
skilled in the art of surgical and medical procedures and are therefore contemplated by the instant 

20 invention. 

It is also possible and contemplated to use these coatings in other applications, indude 
use for cell culture and other biological ex Wvd applications wherein a surface for cellular 
adhesion is desired. 

26 Growth Factor Molecule Attachment and Use . 

Heparin-containing delivery systems for local or regional application of growth factors 
have been described by several investigators. When the heparin is covalently bound to a 
scaffolding, the release of growth factors is understood to be related to en2ymatk: factors such as 
heparlnase or plasmln, and more significantly by diffusion-t>ased r lease of the growth factor from 



wo 02/10221 



PCT/USOl/24000 



-23- 

the heparin. Diffusion is. however, not favored because the complex of growth factor and heparin 
is stabl and is rendered Immobilize by the conjugation of h parin. In this invention, the silyl- 
heparin complex is not covalentiy bound to the contacting surface, but Is rather bound by 
hydrophobic Interaction. As a consequence, the complex of silyl-heparin-growth factor molecule 

5 is subject to efflux and more effective biological effect 

* A growth factor molecule may be adsorbed onto the heparin surface of a silyl-heparin 
complex bound by hydrophobic interaction to a contacting surface of a medical device. Such 
adsorption may be by dipping, pumping, spraying or other means ioiown in the art, Including 
those discussed above with respect to adhesive molecules. 

1 0 Silyi-heparin-growth factor molecules complexes were attached to suitable contacting 

surfaces, including polystyrene and lactide:glycolide copolymers, immunoassays were used to 
establish that basic fibroblast growth factor (bFGF) readily bound to sllyl-heparin complexes on a 
contacting surface, and that the amount of bFGF bound was directly related to amount offered for 
binding. Once adsorbed the silyl-heparin-bFGF was able to induce capillary tube formation of 

1 5 endothelial cells and to increase the growth of endothelial cells. When coated onto suture 

material as a contacting surface and Implanted in muscle, the sByl-heparin-bFGF coating caused 
increased fibroblastic cellularity in the area of the implant. The devices and methods of this 
Invention may thus be employed In a growth factor delivery system for use in tissue repair 
providing localized release of bFGF and related growth factors to enhance the repair process. 

20 Fibroblast growth factors comprise a large family of developmental and physiological 

signaling molecules. All FGFs have a high affinity for the glycosamlnogiycan heparin and for cell 
surface heparan sulfate (HS) proteoglycans. The affinity of FGF for heparan sulfate limits Its 
diffusion and restricts Hs release into the extracellular matrix. The binding of FGFs to heparin or 
HS results In the fomnation or sfabilization of dimmers and higher order ollomers along the 

25 proteoglycan chain. Heparin and HS also play a role in the formation of an active FGF/FGF 

receptor signaling complex, and heparin and HS increase the affinity and half-life of the resulting 
FGF and receptor complex. bFGF is mitogenlc in many cell types including fibroblasts, 
endothelial cells, smooth muscle ceils and osteoblasts, among others. It Is angtogenic and a 
survival factor. 
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« 

Examples of medical devices with which silyl-heparin-growth factor molecule complex s 
may b employed include sutures, graft materials, wound dressings, wound coverings, nerve 
growth guides, bone waxes, aneurysm coils, embolization particles, microbeads, stents, dental 
implants, orthopedic implants, optholmic implants and bone prosthesis. A single silyl-heparin- 

5 growth ^ctor molecule complex may be utilized, two or more sllyl-heparin-growth factor molecule 
complexes may be utilized, or a silyl-heparin complex may include a grovi^ factor molecule in 
combination with either an adhesive molecule or therapeutic molecule, or both. Similarly, in a 
single medical device more than one contacting surface may be employed, such that one 
contacting surface contains one or more silyl-heparin-growth factor molecule complexes, and 

10 another contacting surface contains a different silyl-heparin-growth factor molecule complex, or a 
silyl-heparin-adhesive molecule complex, or a silyl-heparin-therapeutic molecule complex, or a 
combination thereof. For example, a medical device may have one contacting surface that 
contacts tissue, with a silyl-heparin-adhesive molecule complex coating thereon, and another 
contacting suri'ace that contacts blood, with a silyl-heparin-growth factor molecule complex or a 

1 5 silyl-heparin-therapeutic molecule complex coating thereon. 

Disease states wherein silyl-heparin-growth factor molecule complex coatings on coating 
surfaces may be of particular utility include bums, cardiovascular ischemia, peripheral vascular 
Ischemia, vascular aneurysms, bone fractures, skeletal defects, sites of orthopedic trauma, sites 
of cartilage damage, cancer treatment, prophylaxis of bacterial growth, neural damage. 

20 myocardial infarction, peripheral vascular occlusion, ocular degeneration, kidney ischemia and the 
like. 

In one embodiment, a silyl-heparin-growth fector molecule complex coating is employed 
for use in treatment of cerebral aneurysms. Endovascular colls, such as those made from 
platinum, titanium, or nitinol, with a diameter of about 0.015 cm to 0.031 cm and lengths of 4 cm 
25 to 1 0 cm are employed. The surface of the endovascular coll is coated with a silyl-heparin-growth 
factor molecule complex, such as benzyl-bls(dlmethylsilylmethyl) oxycart^amoyl-heparin bound by 
hydrophobic interaction to the contacting surface of the endovascular coil, with bFGF bound by 
affinity binding to the heparin. The coated endovascular coil is then deployed, such as from a 
catheter guided under fluorography to the aneurysm. After deployment within the cavity of the . 
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aneurysm, the coil is detached from the delivery device. The number of silyl moieties attached to 
each h parin molecule or the number of silyl units In each silyl moiety, or both, is selected such 
as to provide disassociation of the silyl-heparin-growth ^ctor molecule complex from the coil at a 
detemnined and desired rate. This provides an improved endovascuiar coil with a mechanism to 

5 stimulate repair and strengthening of the aneurysm vessel wall. The mechanism involves, in part, 
the heparin and bFGF stimulating transient and local cell growth leading to a stronger.blood 
vessel wall, such effect being modulated and increased by release of the silyl-heparin-bFGF 
complex from the endovascuiar coll at a detemnined rate. 

It has been detemmed by use of Immunoassays that both fibrinogen and bFGF can be 

10 bound to heparin on a silyl-heparin complex, without displacement of either, resulting in formation 
of a mixed complex of silyl-heparin and fibrinogen and bFGF. Such mixed complexes may be 
employed to coat endovascuiar coils and contacting surfaces of other medical devices. In the 
case of endovascuiar coils, the silyl-heparin-fibrinogen contributes to efTicacy of thrombus 
fonmation and cellular attachment due to effect of the fibrinogen, while the silyl-heparin-bFGF 

1 5 contributes to cell growth. 

In another embodiment, a silyi-heparin-growth factor complex coating is used on 
microparticles for local and transient delivery of heparin and growth factor to increase collateral 
blood flow and to Increase angiogenesis in ischemic tissue. Microparticles are made, such as by 
homogenizing a methylene chloride solution containing 3% polylactide:polyglycolide (PLGA) with 

20 a 2% polyvinyl alcohol aqueous solution to form an emulsion, sonicating the resulting mixture, 
and recovering particles by centrifugation after evaporation of the organic phase. After 
evaporation of methylene chloride, the PLGA microparticles are incubated in an aqueous solution 
containing 0.5% silyl-heparin, such as benzyl-bis(dimethylsilylmethyl) oxycarbamoyl-heparin, for 
45 minutes. Unbound sliyl-heparin is removed by centrifugation and rinsing in phosphate buffered 

25 saline. The silyl-heparin coated microparticles can then be resuspended in an aqueous buffer, 
such as a buffer containing dextrose, and optionally aliquoted Into unit doses, lyophilized, and 
optionally sterilized by gamma radiation. The growth factor molecule can then be incorporated 
immediately prior to use, by preparing growth factor molecules in an aqueous solution, such as 
phosphate buffered saline containing 1% human serum albumin, and added the growth factor 
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molecules and solution to the lyophilized silyl-heparin coated microparticles. Alternatively, the 
microparticles are coated with a siiyl-heparin-growth factor complex, such as by coating with siiyl- 
heparin and subsequently adding the growth factor molecule, Incubating the microparticles with 
growth factor molecules at the desired concentration, removing unbound growth factor by 

5 centrifugation and rinsing. The silyl-heparin-growlh factor molecule complex coated 

microparticles are then optionally lyophilized and sterilized as described above. Any of a variety 
of growth factors may be employed, including bFGF. transfomning growth factor-p (TGF-p) and 
vascular endothelial growth factor (VEGF). The silyl-heparin-growth factor is released from the 
microparticles over a selected period of time, such as several days, thereby providing local and 

10 transient delivery of heparin and growth factors. In one embodiment, the length of the silyl moiety 
may be modified, by appropriately selecting "n" in Fomiula I or II and accordingly synthesizing the 
resulting silyl moiety, thereby modifying the rate of release or disassociation from the contacting 
surface of the mlcropartlcle, and thus controlling bioavailability in vivo. Similariy , the number of 
silyl moieties per heparin molecule may be modified, by appropriately selecting V in Formula I or 

15 II. thereby also modifying the rate of release or disassociation from the contacting surface of the 
micropartide, and thus controlling bioavailability in vivo. 

Therapeutic Molecule Attachment and Use 

Therapeutic molecules have been used in a wide variety of drug delivery systems, 
20 methods and devices, well known in the art, for local or regional delivery of therapeutic molecules. 
The methods described above with respect to adhesive molecules and growth factor molecules 
may be employed with therapeutic molecules, in a prefen^d embodiment, a therapeutic 
molecule is selected which binds, by affinity binding or other means, to heparin, thereby resulting 
In formation of a silyl-heparin-therapeutic molecule complex. 
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10 



15 



industrial Applicability 

The invention Is further Illustrated by the following non-limiting examples. 
Example 1 - Method for Preparing Silyl-Heparin Covalent Complexes. 

Treatment of benzylmagnesium chloride 1 with chloro(chloromethyl)dimethysl!ane 2 gave 
benzyl(chloromethyl)dlmethysilane 3 (n=:1). all as shown in Scheme 2 below. Treatment of 3„ 
with magnesium gave the Grignard Reagent, which was treated with 
chloro(chloromethyl)dimethyl-silane again to give the homologous silyl compound 3 n+v The 
Grignard reaction can be repeated over and over again to obtain the desired chain-length for the 
silyl compound. The chloro-siiyi compound 3, on treatment with potassium acetate, followed by 
trans-esterification of the corresponding acetate with basified methanol gave the alcohol 4. The 
alcohol 4, when treated with triphosgene gave the corresponding chloroformate, which on 
treatment with N4iydroxy-succinimide gave the N-hydroxy-sucdnimldyl-carbonate 5. The 
conjugation of heparin with 5 was achieved by treatment of heparin with 5 and 4- 
(dimethylamlno)pyridine in 1 :1 DMF/H2O to give the silylated heparin 6. Adjusting the molar 
ratios of the reactants controlled the number of prosthetic groups per heparin. 

Scheme 2 



PhCH2MgCI -t- 
1 



HgC CH3 



Ph^ /^Sf 



1)K0Ac/DMF 



H3C ^CHa 



.N-p Heparin 



\^ 2)NaOMe/MeOH >^ 




1/xHEP + DIiflAP 
DMF/H2O 



1) (CCt30)2CO 
NazCOa/CHzCb 

2) HON(COCH2)2 
Et3N/CH2Cl2 



q 



H3C ^CH3 



5) 



20 



Synthesis of Benzyl(chlorom0thyl)dimethylsilane, 3 (n^l). Under an atmosphere of 
nitrogen, chloro(chloromethyl)dimethy!silane (100 mL, 0.744 mol) was added by syringe to THF 
(500 mL) and solution cooled to 0*" C with an ice/acetone bath. Benzylmagnesium chloride (2.0 M 
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solution, 400 mL, 0.8 mol) was added dropwise over 2 hours. Care was taken to maintain tlie 
temperature below 10* C until all tlie reagent was added. Thereafter, the Ice bath was allowed to 
warm up to room temperature and the reaction mixture stirred overnight Hexane (300 mL) was 
added and saturated aqueous NH4CI (300 mL) added dropwise. The reaction mixture was 

5 transfen-ed to a 2 L separatory funnel with more hexane (300 mL). After partitioning, the organic 
layer was washed with saturated aqueous NH4CI (200 mL) and saturated aqueous NaCI (200 
mL). The combined aqueous layers were baclcwashed with hexane (2 X 500 mL) and the 
combined organic layers dried over MgS04, evaporated on a rotary evaporator, and further 
concentrated under vacuum to give a coloriess oil 162.0 g (109.5 % yield). A quantitative yield 

1 0 was assumed with a purity of the crude product being 91 .3%. 

Grignard Reaction of Bn(SiMe2CH^nCl 3„ and CISiMe2CH2CI to give 
Bn(SiMe2Cti^„+ia, 3„+^, Magnesium powder (7.5 g, 0.31 mol). a catalytic amount of Iodine 
and THF (100 mL) were placed in a 500 mL 3-necl(ed flasic equipped with a conden8er-N2 i^let, a 
septum and a thennometer. The mixture was heated to reflux briefly until the brown color of 

1 5 iodine disappeared. Bn(SilV4e2CH2)nCI (0.2 mol) was added by syringe and residual reagent 
washed into the reacUon mixture with THF (2 X 25 mL). The reaction was initiated with a heat 
gun: an exothemnlc reaction was observed and the reaction flask was placed in a water bath until 
the exothermic reaction subsided. The resulting gray mixture was heated to reflux for 24 hours, 
jhe reagent was then cooled to room temperature and cannulated into a pressure filter funnel 

20 where it was added directly into another 500 mL round bottom flask in which was placed a 
solution of ClSiMe2CH2Cl (27.0 mL. 0.2 mol) in THF (50 mL) at room temperature. The 
magnesium residue was washed into the reaction mixture with THF (2 X 25 mL). The reaction 
mbcture was heated to reflux overnight To the resulting gray suspension was added saturated 
aqueous NaHCOs (^^ resulting solution transfenred to a 500 mL separatory funnel 

25 wfth hexane (200 mL). After partition, the organic layer was washed with saturated aqueous 
NaHCOs (50 mL) and saturated aqueous NaCI (50 mL). The combined aqueous layers were 
back-washed with hexane (2 X 100 mL). dried over MgS04, and extensively evaporated under 
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vacuum to give an amber oil. The amber oil was purified by distillation to give colortess oil. 
Yields were over 80%. 

Conversion of Bn(SiMe2CH2}nOI 3„ to Bn(SiMe^H^n^H V Bn{SiMe2CH2)nCI (0.16 
mol) was dissolved in DMF (300 ml) in a 1-L 3-necked flaslc. KOAc (50 g. 0.5 mol) was added 

5 followed by nBu4lSll (4.0 g, 0.01 mol) and the reaction mixture was stin^ in a 135" C oil bath for 
24 hours. The reaction mixture was worthed up by cooling to room temperature and transferring to 
a 1 L separatory ftjnnel with hexane (500 mL) and washed with saturated aqueous NaCI (3 X 100 
mL). The combined aqueous layers was back-washed with hexane (3 X 300 mL) and the 
combined organic layers dried over MgS04 and vacuum-evaporated to an amber oil, which was 

10 dissolved in MeOIH (400 mL). A generous amount of freshly prepared NaOMe was added to 
adjust the pH to >10 and the reaction mbcture heated to reflux for 2 hours. The reaction mixture 
was neutralized with AcOH, evaporated to dryness and chromatographed with silica gel in a 6.5 X 
100 cm (height of silica 40 cm) flash column and eluted with 0-30% EtOAc/hexane to give the 
desired product, a slightly yellow oil. Yields were over 80%. 

15 Conversion of Bn(SiMe2CH^f^0H 4„ to Bn(SlMe2CH^r^S>CO^(COCH^2 ^n- 

Triphosgene (60 g. 0.2 mol) was dissolved in CH2CI2 (200 mL) and stin-ed at 0" C under N2 in a 
1-L 3-necked flask equipped with thermometer, dropping funnel and N2 inlet, Na2C03 (65 g, 0.6 
mol) was added foHowed by Bn(SilWe2CH2)nOH (0.13 mol dissolved In 200 mL of CH2CI2) 
dropwise over 30 minutes. Thereafter, the ice/acetone bath was allowed to come to room 

20 temperature. The reaction mixture was stirred overnight, filtered through a sintered glass funnel, 
and the reaction vessel rinsed with PhCHa (200 mL). The solution was concentrated under 
vacuum to give a colorless oil. The oil was dissolved in CIH2CI2 and stirred in an ice bath under 
N2. N-Hydroxysucclnimide (30 g, 0.26 mol) was added followed by EtaN (40 mL, 0.28 mol) 
dropwise over 1 5 minutes and the resulting cloudy mixture stinred at room temperature for one 

25 hour. The reaction mixture was diluted with hexane (600 mL). washed with saturated aqueous 
NH4Ci (3 X 100 mL), and the combined aqueous phases backwashed with hexane (2 x 200 mL). 
The combined organic phases were dried over MgS04 and concentrated under vacuum to give 
amber oil. The amber oil was chromatographed on silica gel in a 6.5 X 100 cm (height of silica 40 
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cm) flash column and eluted with 20-50% EtOAc/hexane to give an amber syrup. Yields are 
generally greater than 75%. 

Conjugation of Heparin with Bn(SiMe2CH^fPC02N(COCH^2 ^ give 6^^ . Heparin 
(ammonium ion-firee, average molecular weight 10,000; 100 g, 10 mmol) was dissolved in H2O 

5 (500 mL) in a 2 L flask with stining. DMF (400 mL) was added followed by DMAP (1 .6x g. 1 3x 
mmol). Bn(SIMe2CH2)nO-C02N(COCH2)2. (^^x mmol) in DMF (100 mL) was added and the 
resulting milky mixture was allowed to stir at room temperature for >24 hrs. The reaction mixture 
was concentrated by evaporating most of the water followed by trituration with acetone (2 L). The 
white suspension was filtered through a sintered glass funnel to give a white solid residue. This 

1 0 crude material was purified by soxhiet extraction with acetone ovemight to give a white powder. 
The yields were generally greater than 95%. 

The average number of prosthetic units per molecule of heparin was estimated based on 
a comparison of the molar ratios of the hydrolyzed prosthetic unit benzyl-tri(dlmethylsilyl-methyl)- 
OH and heparin as detemiined by use of dimethyl methylene blue. Heparin was detected using 

1 5 a commercially-available enzyme-linked assay that measures the heparin-lnduced Inhibition of 
antlthrombln/factor Xa as measured with a factor Xa specific chromogenic substrate. 

Example 2 - Techniques for Applying Silyl-Heparin Coating Compositions to Surfaces. 

The silyl-heparin complex of Example 1 was used as a coating solution as a 1% solution 
20 (w/v) in 60% aqueous ethanol. Materials were coated with silyl-heparin for 1 5 minutes at 37** 0. 
The coated materials were then were rinsed extensively In water, air-dried, and stored until use. 

In another embodiment, the silyl-heparin complex was dissolved In distilled water with 
gentle stining. and an organic solvent added, such as Isopropyl alcohol or acetonltrile, such that 
the organic solvent constituted approximately 2/3 of the volume, such as 100 mg of silyl-heparin 
25 complex of Example 1 solubilized in 27 mL of distilled water with gentle stimng, with 53 mL of 
Isopropyl alcohol or acetonltrile then added, providing a resulting concentration of the silyl-heparin 
complex In solution of about 0.125%. In other embodiments, the resulting solution had a silyl- 
heparin complex concentration of between 0.01 and 10 percent based upon the weight of th 
solution. The material to be coated was dipped in the solution at elevated temperatures usually 
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ranging from 30" C to 50** C for about 10 minutes, followed by standing in room temperature for 
about 20 mlnut s. The coated material was taken out of the coating solution and rinsed 
thoroughly with distilled water or saline solution prior to drying. 

5 Example 3 - Stability of Heparin Coating Compositions on Surfaces Exposed to Ionic 
Environments. 

Various surfaces coated according to Example 2 were evaluated for heparin activity after 
washing with 3% (by weight) sodium chloride solution. Surface heparin activity was measured In 
mlU/cm^ accoKling to the technique described in Sigma Diagnostics, Heparin, Procedure No. 
10 CRS106. 

Results obtained from the evaluation of average heparin activity on various surfaces after 
washing with sodium chloride are set forth in Table 1 below. The concentration of the covalent 
complex In the coating solution was 0.25% (W/V). 

Table 1 





Percent by volume of Isopropyl alcohol In IPA/H2O solvent 


50% 


55% 


60% 


65% 


70% 


75% 


Material Coated 


mlU of Heparin/Sq 


uare Centimeter 


POLYCARBONATE 


6.8 


8.0 


17.6 


16.3 


14.7 


14.9 


TMCTS 


0.4 


3.8 


3.5 


2.0 


1.1 


2.4 


POLYESTER 


4.5 


4.4 


5.5 


3.7 


5.3 




POLYVINYL CHLORIDE 


2.6 


2.9 


10.0 


6.5 


4.0 


2.8 


STAINLESS STEEL 


12.9 


13.1 


8.3 


11.0 


12.9 


13.8 



Example 4 Silyl-Heparin Application Prior to Fibronectin Attachment. 

Benzyl magnesium chloride was treated serially with chloro(chloromethyl) dimethylsilane 
to give a benzyl-(1,2 tetramethyi)dlsayl compound. The benzyldisayl compound was modified to 
fbnm an activated N-hydroxy-succlnlmldyl cart>onate that was, in tum, conjugated to heparin to 
fonfn a benzyl-(1 .2 dimethyl)dis[lyl heparin. This is shown in Sch me 3 below. 



15 



20 
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Scheme 3 



PhCH2Mga+ >i^CI P'^nC^^O^ ^ J^^O^ 

1 2 3 ^Sl a 4 

cr ^ 

1) KOAc/DMF 

2) NaOMe/M60H 



1)(CCl30)2CO 



NaaCOa/CHaCIa H3C; X^Hs 



The silyl-heparin was used as a 1% solution in 70% acidified, aqueous ethanol. To coat wells, the 
5 silyt-heparin solution was applied in 20 ^L/well for 1 5 minutes at 50 - 60" 0. The wells were then 
rinsed several times in saline and air-dried. To coat contacting surfaces, the contacting surface 
was immersed in a 1% silyl-heparin solution for 15 minutes at 50 - 60** C. and rinsed extensively 
in water or saline. 

The silyl-heparin complex may be applied to any polymeric substrate, either fonmlng a 
1 0 medical or other implantable device, or coated or othenwise fonning a surface of a medical or 
other implantable device. The complex was applied, as described, to polystyrene and 
polyurethane polymeric surfaces. The polymeric substrate includes biodegradable polymers, 
including, for example, polylactide, polylactide:polyglycolide and polycaprolactone, to which the 
silyl-heparin complex was applied. The silyl-heparin complex may also be applied to any metallic 
15 substrate. 



Example 5 Attachment of Fibronectin to Sllyl-Heparin Coated Substrate. 

FIbronectIn was attached to silyl-heparin coated contacting surfaces of Example 4 by 
Incubation of in an aqueous 0.9% saline solution and 20 ]iQlmL bovine plasma fibronectin. After 
20 30 minutes the unbound fibronectin was removed by rinsing. The silyl-heparln-fibronectin coated 
contacting surfaces were then dther used directly or air dried and stored for subsequent use. 
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ExampleS Detection of Heparin and Rbronectin. 

Using contacting surfaces coated with silyl-heparin as in ExampI 4, and to which silyl- 
heparln-fibronectin was attached as in Example 5, the presence of both heparin and fibronectin 
was detected in analytical assays. Heparin was detected using a commercially-available an 

5 enzyme-linked assay kit (Sigma Chemical Co., St Louis) that measured the heparln-lnduced 
inhibition of antithrombln/factor Xa as measured with a fector Xa specific chromogenic substrate. 
The enzyme-inhibition assay was perfonmed in low-attachment 96 well plates following the 
directions of the manufacturer. 

To insure that the amphipathic heparin did not introduce an unknown variable in the 

10 enzyme inhibition assay, a second assay was performed using a hydrazlne-activated biotin in low- 
attachment 96 well plates. A solution of hydrazlne-activated biotin was added to wells that were 
uncoated or coated with silyl-heparin complex. The solution was composed of 0.1 M sodium 
acetate, pH 5.2, containing 350 g of EZ-link biotin-LC-hydrazine (Pierce Chemical Co.). After 30 
minutes, the wells were rinsed in water and quenched In 5% dextrose. A solution of PBS 

1 5 containing 20% serum and a 1 :1 000 dilution of horseradish peroxidase-conjugated avidin (HIVO- 
avidln) was added. After 30 minutes the unbound material was rinsed and a chromogenic 
solution of chromogen {2,2'-azinobis 3-ethylbenzothiazoline-6-sulfinic acid) (1-Step ABTS, Pierce 
Chemical Co.) added. Upon color development, an aliquot of 0.2 M sulfuric acid was added to 
stop the reaction, and the absorbance detected at 650 nm. 

20 Fibronectin was detected immunochemically. The assays were performed in low- 

attachment 96 well plates in welts with no coating, a coating of fibronectin. or a coating of silyl- 
heparin/fibronectin. PBS containing a saturating amount of gelatin and rabbit anti-human 
fibronectin (known to be cross-reactive with bovine fibronectin) was added to the wells. After 30 
minutes the primary antibody was removed, the plate rinsed, and a solution of PBS containing a 

25 saturating amount of gelatin and goat anti-rabbit IgG was added. After 30 minutes the unbound 
material was rinsed off and a chromogenic solution of ABTS (1-Step ABTS, Pierce Chemical Co.) 
added. Upon color development, an aliquot of 0.2 M sulfuric acid was added to stop the reaction, 
and th absorisance detected at 650 nm. 
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Exampi 7 Cells Us d for Adhesion Studies. 

Several cell types were used, including GS-9L ceils (rat gliosarcoma), C3H10T1/2 (murine 
fibroblasts). Jurkat (human T cell), bovine aorta endothelial (BAE) cells and rat lymphocytes. GS- 
9L and C3H10T1/2 cells were maintained in log phase growth and detached from cultureware 

5 using Versene and collected by centrifugatlon. Jurkat cells grew as single cell suspensions and 
were collected by centrlfijgatlon. Rat lymphocytes were collected from heparinized blood by 
density gradient isolation over Ficoll-Hypaque® media. The collected cells were rinsed once by 
low speed centrifugatlon and suspended in either serum-free Dulbecco's Modified Eagles Medium 
(DMEM) containing pyruvate or RPM1 1640 containing 10% fetal bovine serum (FBS) 

10 supplemented with pyruvate. Allquots of 10^ cells in 100 pL were used in subsequent adhesion 
studies. 

The cells were examined after plating using an Inverted, phase-contrast microscope. At 
selected time points up to 4 days after initial seeding, the cells were rinsed three times in saline 
and fixed in buffered 10% formalin or 35% ethanoL In some cases, the cells were stained in situ 
15 with a 0.01 % aqueous solution of crystal violet. The amount of attachment was scored visually or 
quantitated. To establish the relative number of cells.bound, crystal violet stained cells were 
dissoh/ed in a solution of 70% ethanol containing 0.1% sodium dodecyl sulfate and 0.38 M Tris 
and the absorbance monitored at 610 nm. using the methods of Scragg and Fen^lra (Ana[ 
Biochem 198:80-5, 1991) and Grando et al. (Skin Phamnacol 6:135-47, 1993). 

20 

Examples Attachment of Cells. 

The cells of Example 7 were added to untreated polystyrene wells, wells coated 
with silyl-heparin as In Example 4, with silyl-heparin-fibronectin as In Example 5, and 
with only fibronectin by Incubation as described In Example 5. As shown In Table 2, 
25 C3H10T1/2 fibroblasts. GS-9L gliosarcoma. Jurakt T cells, bovine aorta endothelial (BAE) . 
cells and rat lymphocytes cultured in serum-containing medium on low-attachment, 
nontinally non-adherent polystyrene did not attach to the substrate. Similarly, these cells 
cultured on silyl-heparin alon did not attach. When seeded following pre-treatment with 
bovine fibron ctin. Isolated C3H10T1/2 cells and isolated GS-9L cells w re found 
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attached. When cells were cultured on silyl-heparin-fibronecfin, CH310T1/2, BAE and 
GS-9L cells rapidly attached and spread onto the substrate. Cells were seeded at a 
concentration of 10^ cells/well In semm-containing medium. 



Table 2 





CELL ATTACHMENT 


CELL TYPE 


UNTREATED 


SILYL- 
HEPARIN 


FIBRONECTIN 


SILYL-HEPARIN- 
FIBRONECTIN 


GS-8L 






+/- 


++++ 


C3H10T1C 






+/- 


++++ 


BAE 




+/- 




+++ 


Jurkat 










Lymphocytes 








+/- 



5 



Example 9 Adherence and Cell Spread. 

Using the methods as described in Example 8, GS-9L, C3H10T1/2 and BAE cells were 
adhered by 1 hour after seeding on silyl-heparin-flbronectin, and many of the cells demonstrated 
evidence of spreading onto the substrate. By 2 hours nearly all of the cells evidenced spreading. 

10 The morphology of GS-9L , C3H1 0T1/2 and BAE cells after 24 hours on silyl-heparin-fibronecHn 
were similar to cells grown on conventional tissue cultureware. The cells grew to confiuency by 4 
days. Cells seeded in semm-free medium attached and spread although not as well as In semm- 
containing medium, and further did not grow. No effort was made to grow the cells in a defined- 
or serum-low medium known to support growth. Addition of up to 10 U of heparin to the medium 

15 of cells plated onto silyl-heparin-fibronectln coated plates did not inhibit the attachment or growth 
of C3H10T1/2. The results for GS-9L and C3H10T1/2 cells are shown In Table 3. 



Tabled 





CHARACTERISTIC 




ATTACHMENT 


SPREADING 


GROWTH 


GS'9L CELLS 








Serum 


++++ 


++++ 


++++ 


Serum-free 


+++ 


+++ 




C3H10T1/2 CELLS 








Serum 


++++ 


++++ 


++++ 


Serum-free 


+++ 


+++ 
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Example 10 Use on Variety of Substrates. 

The g neral applicability of silyl-heparin-fibronedin compl x was evaluated by applying 
this coating using the methods of Examples 4 and 5 to a variety of surfaces, Including 
polystyrene, polylactide:polyglycolide, polycaprolactone, polyurethane and stainless steel. As In 

5 Example 9 above, C3H1 0T1/2 cells did not attach to polystyrene. C3H10T1/2 cells also did not 
attach to polyurethane. They did. however, bind moderately well to polylactlde:polyglyco!ide and 
to polycaprolactone, and very well to stainless steel. Regardless of the substrate, coating with 
silyl-heparin essentially eliminated cell attachment The inhibition of ceil attachment was noted 
even on surfaces known to support cell growth, such as stainless steel. Even when the cells were 

1 0 culture for up to 4 days, no cell attachment was evident Treating the plates with heparin alone 
did not Inhibit attachment Fibronectin alone did not significantly support cell attachment to 
polystyrene, it did, however, improve the attachment of cells to polyurethane and 
polylactide'.potyglyoolide, and to a lesser extent potycaprolactone. Silyl-heparin-fibronectin 
Increased the cell density for all substrates relative to the uncoated surfaces, and increased the 

15 cell density on polycaprolactone by about 2-fold. The results are summarized in Table 4. 

Table 4 





C3H10T1/2 CELL ATTACHMENT 


SURFACE 


UNTREATED 


SILYL- 
HEPARIN 


FIBRONECTIN 


SILYL- 
HEPARIN- 
FIBRONECTIN 


Polystyrene 






-/+ 


++++ 


Polyurethane 






++++ 


++++ 


Poiyactideipolyglycolide 


++ 




++++ 


++++ 


Stainless steer 


++++ 




++++ 


++++ 


Polycaprolactone* 


+/- 


+/- 


++ 


++++ 



^determined by crystal violet staining 

In related studies, heparin-specific assays and diemethylene blue dye uptake were used 
20 to establish that silyl4ieparin complexes could be bound to a variety of materials including 
polystyrene, hydrogel-coated polystyrene, polycarbonate, polyurethane, poly caprolactone, 
polyvlnylchloride, stainless steel and titanium. The loading efficiency of silyl-heparin complexes 
varied by substrate material, but was generally in the range of 10-40 mlU of h parin per cm^ 
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Example 11 Determination of Optimal Concentiatlons of Fibronectln and Sllyl-Heparin. 

The optimal amount of fibronectln and silyl-heparin to support attachment of C3H10T1/2 
cells was determined by cross-titration, as shown on Fig. 1. The EC50 for fibronectln was 
approximately 0.5 (xg/Well and that of s-heparin about 8.7 fig/well. The ceil attachment curve for 

5 the fibronectln dilution had a rapid fall-off, suggestive of a threshold effect. The fall-off for the 
silyt-heparin was more gradual. The curve of the relative amount of silyl-heparin on the substrate 
following serial dilution generally followed the cell attachment curve. The curve of the relative 
amount of fibronectln bound to silyl-heparin did not mirror the cell attachment curve. 

In Fig. 1. fibronectln (A ^) or silyl-heparin (• •) were titrated to determine the 

10 quantity needed to support attachment of C3H10T1/2 cells. All dilutions were performed in 

quadruplicate in wells of 96^ell plates of low-attachment polystyrene. For titration of fibronectln, 
silyl-heparin was applied at 30 ^ig/well in 70% ethanol as in Example 4. After rinsing, fibronectln 
was applied in doubling dilutions of phosphate buffered saline starting from 4 ^g/well. For titration 
of silyl-heparin. silyl-heparin was applied in doubling dilutions in 70% ethanol starting from siiyl- 

1 5 heparin concentrations of 30 ^g/weli. Fibronectin was then applied in saline at 4 ^g/well. Cells 
were at a concentration of 10^ cells/well in growth medium. For both experiments, the cells were 
allowed 24 hours to attach and then were rinsed and fixed in buffered formalin. The cells were 
stained for 5 minutes with 0.01% aqueous crystal violet and the absorbance at 610 nm 
determined. 

20 Fig. 2 shows the relative amounts of bound heparin and fibronectln in doubling dilutions to 

attached cell density. In Fig. 2 A, the relative amount of bound heparin (■) was compared to 
subsequent attached cell density following complexation with fibronectln (•) (4 ^g/well). In Fig. 2 
B, the relative amount of bound fibronectln (FN) to wells coated with silyl-heparin (300 jxg/well) 
was compared to subsequent cell density obtained after fibronectln complexation. Cell density 

25 was expressed as the percent maximal absorbance of crystai violet. Heparin was detected using 
an enzyme-linlced assay while fibronectln was detected immunochemicaily. 
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Example 12 Use of Other Adhesive Molecules. 

Laminln was attached to the sllyl-heparin coated contacting surfaces of Example 4 by 
Incubation In an aqueous 0.9% saline solution containing 20 ^g/mL intact murine laminln. After 
30 minutes the unbound laminln was removed by rinsing, in studies similar to those in Example 
5 8, C3H10T1/2 cells attached to surfeces coated with the silyl-heparin-laminin complex. 

Example 13 Use of Different Silyl-Heparin-Adhesive Molecules. 

Silyl-heparin complexes were evaluated for ability to bind to several adhesion molecules 
as shown In Table 5, Silyl-heparin complexes bound fibrinogen and a number of other adhesion 

10 molecules including type iV collagen and fibronectin. Attachment of C3H10T1^ cells after two 
hours to wells of 96-well. hydrogel-polystyrene plates coated with silyl-heparin complexes and the 
listed adhesive molecule was detected by staining with crystal violet. All proteins were used at a 
concentration of 100 \}glm\ in buffered saline. Seaim was used without dilution. Statistical 
significance was assessed relative to the values from buffered saline using Student's t-test, with * 

15 Indicating p < 0.05, ** Indicating p < 0.01 and *** indicating p < 0.001 . 

Tables 



Adhesive Molecule 


Average ± S.E. 


Control (saline) 


0.05 ± 0.03 


albumin 


0.08 ± 0.00 


fibrinogen 


1.63 ±0.17** 


fibronectin 


1.00 ±0.10** 


gelatin 


0.15 ±0.05 


Matrigei 


1.70 ±0.42* 


poly-l-omithine 


0.92 ± 0.28* 


poly-l-lyslne 


1.18 ±0.06*** 


serum 


0.16 ±0.02 


transferrin 


0.15 ±0.03 


type VI collagen 


2.01 ±0.08*** 
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Example 14 Preparation of SiTyl-Heparin Complexes for use wfth Growth Factor MoIeknJies. 

Silyl-Heparin was prepared as generally disclosed In Example 1, with 3 silyl units per silyl 
moiety. The average number of silyl moieties per molecule of heparin was estimated based on a 
comparison of the molar ratios of the hydrolyzed prosthetic unit ben2yl-tri(dimethylsiiyi-methyl)- 

5 OH and heparin as detemnined by use of dimethyl methylene blue. Heparin was detected using a 
commercially-available enzyme-linked assay that measures the heparin-induced Inhibition of 
antithrombln/factor Xa as measured with a factor Xa specific chromogenic substrate. The siiyl- 
heparin complex was used in a coating solution at 1% solution (w/v) in 60% aqueous ethanol. 
Contacting surfaces were coated with silyl-heparin for 15 minutes at 37' C. The wells were rinsed 

10 extensively in water, air-dried, and stored until use. 

Example 15 FGF Binding by Silyl-Heparin Complexes and Heparin. 

Binding of bFGF to heparin agarose and various silyl-heparin complexes of Example 14 
were compared. Heparin agarose was rinsed in phosphate buffered saline and equilibrated In 

15 PBS containing 1 % bovine serum albumin (PBS/BSA). Aliquots were added to microfuge tubes 
and the volume adjusted to 0.5 mL with 0.5 mL of PBS/BSA. An additional 0.5 mL of Dulbecco's 
modified Eagle's medium containing 10% FBS containing heparin or various silyl-heparin 
complexes was added. An aliquot of 5 of bFGF (50 ng/mL) was added and the solutions 
incubated for 30 minutes with mixing. The unbound bFGF was removed by multiple 

20 centrifugatlons and rinsing in PBS. Rabbit anti-bFGF (1 :500) was added in 0.5 mL PBS/BSA and 
the solution incubated with mbcing for 1 hour. After rinsing donkey anti-rabbit (1 :500) In PBS/ BSA 
was added and Incubated 1 hour. After rinsing and transfer to new vials, chromogen (ABTS One- 
Step, Pierce Chemical Co.) was added and the reaction developed and subsequently read at 595 
nm. The Inhibition of binding of bFGF to heparin-agarose was used to compare silyl-heparin 

25 complexes with between 5 and 20 silyl moieties per heparin molecule with heparin not bound to 
silyl moieties. The heparin used in this assay was the same as was used in the synthesis of ttie 
silyl-heparins. As shown in Fig 3, each silyl heparin complex composition provided essentially the 
same ECso as unmodified heparin when used on equal weight basis. 
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Example 16 FGF Concentration Binding by Silyl-Heparin Complexes. 

Wells of 96 well polystyrene microtlter plates, with a well surface area of 0.32 cm^. were 
coated with 30 ^1 of silyl heparin for 15 minutes at 37** C. After rinsing and air-drying, bFGF 
(Sigma Chemical Co.) in PBS/BSA was added in 150 aliquots in doubling dilutions. The plate 

5 was Incubated at 37* C for 1 hour and rinsed 6 times In PBS. An aliquot 150 jil of PBS/BSA 
containing 1 :500 rabbit anti-FGF antibodies were added, incubated for .1 hour and rinsed. In 
some cases an Irrelevant rabbit antibody was used at a similar concentration (rabbit anti-TGF- 
receptor 11, Santa Cruz Biotechnology). An aliquot of PBS/BSA containing 1:500 HRPO- 
conjugated donkey anti-rabbit IgG added, and after incubation and rinsing ABTS-chromogen 

10 added. All antibody solutions were filtered through 0.2 micron filters prior to use. The 

absorbance was monitored at 405 nm. As shown In Fig. 4 A and 4 B, bFGF was detected over 
concentrations from as low as 20 ng to as high as 750 ng. Color development was linear at high 
concentrations, indicating that under conditions of the assay the upper saturation limit of the silyl- 
heparin complex for bFGF had not been reached. When anti-TGF-ll (inrelevant antibody directed 

1 5 against the transfomiing growth factor receptor) was used instead of anti-FGF and at the same 
anti-dilutions, no bFGF was detected. When TGF-p, at a concentration of 40 ng was used as the 
growth factor molecule, no activity was detected with anti-bFGF antibodies. 

Example 17 Effect of Adhesive Molecules on FGF Binding. 

20 IWurine type IV collagen, human fibrinogen and bovine fibronectin isolated from plasma 

were bound to sOyl-heparin complexes bound to wells of polystyrene microtlter plates, at a 
concentration of 100 ^g/mL In PBS/BSA. 100 ^ of a selected adhesive molecule was added to 
each well, with incubation for 1 hour at 37' C. After extensive washing. bFGF in PBS/BSA In 150 
\iL aliquots was added to each well. The plate was Incubated at 37** C for 1 hour and assayed as 

25 in Example 1 6 using dilutions of 1 :200 and 1 :500 for the primary and secondary antibody, 

respectively. As shown In Fig. 5, fibronectin significantly decreased the binding of bFGF to the 
silyl-heparin-adheslve molecule complex, with less significant decrease in binding with type IV 
collagen and fibrinogen. 
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ExampI 18 Capillary Tube Formation Using Sllyl-Heparin-Growth Factor Complexes. 

Low attachment 96 well plates were coated with saline, silyl-heparin complex, silyl- 
heparin-fibrinogen complex or silyl-heparin-bFGF complex. Bovine aorta endothelial ceils (5 X 
10^ cells) were seeded into each well in DMEM containing 10% FBS. The cells were allowed to 

5 grow for 4 days and the cultures examined by phase contrast microscopy. Bovine aorta 

endothelial ceils undenn/ent morphological changes consistent with the fbrnnation of capillary tube 
fbmiatlon when cultured on a contacting surface coated with silyl-heparin-fibrinogen-bFGF. Tubes 
did not fonn when the cells were cultured In wells coated with siiyl-heparin. silyl-heparin- 
fibrinogen, fibrinogen, fibrinogen and bFGF, or bFGF. On tubes coated with siiyl-heparin- 

1 0 fibrinogen the cells fDmned essentially confluent monolayers. 

Example 19 Silyl-Heparin>FGF Complex DIsassociation and Biological Activity. 

Six-well cluster plates were seeded with 5X10^ bovine aorta endothelial cells. Cell 
culture Insert membranes (25 mm diameter) with 3 micron pores in the bottom were placed In 

15 each well. Suture material was coated with siiyl-heparin-bFGF or silyl-heparin. 10 cm of suture 
material, either coated or uncoated, was placed in each well and medium added sufficient to 
cover the suture (3 mL total). One set of Inserts containing an uncoated suture was spiked with 
50 ng of bFGF by adding the bFGF directly to the medium and was used as a positive control. 
The ceils were allowed to grow for 4 days, and were then fixed and stained with crystal violet 

20 Thereafter, the stain was eluted in aqueous methanol and 0.4% SDS and monitored at 595 nm. 
bFGF from the silyi-heparin-bFGF coated suture was able to transit the separating pemneable 3 
mlcrt>n membrane and act regionally to stimulate the growth of endothelial cells at the end of 4 
days, as shown in Fig. 6. The cell numbers increased In wells containing suture material coated 
with silyl-heparin-bFGF complex and separated by the membrane to a similar extent as observed 

25 in control cultures spiked with soluble bFGF. Suture material coated with only silyl-heparin 
complex did not result In an increase in cell number. 
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Example 20 Sutures Coated with Silyl-Heparin-bFGF Implanted in Muscle. 

Vicryl suture material was coated using a solution containing silyl-heparin complex or a 
solution containing silyl-heparin complex followed by Immersion In bFGF as described above. 
The suture material was then rinsed extensively, air-dried, mounted on 16 gage needles and 

5 stored until use, typically overnight. Under anesthesia, the sutures were passed through the thigh 
muscle of adult rats and secured with knots and surgical clips. After two weeks the animals were 
euthanized and the sutured area removed, fixed In fbnnatin, and processed by standard 
histological methods. At two weeks, sutures coated with silyl-heparin-bFGF complex had a 
marked Increase in cellularity in the area sunrounding the implant compared to both uncoated 

10 control sutures and sutures coated with silyl-heparin complex. As shown In Fig. 7, the diameter 
of granulatton tissue sunrounding Qie suture coated with silyl-heparin-bFGF complex was 
substantially larger than either the control suture or silyl-heparin complex coated sutures. It was 
also observed that tissue sunrounding the suture material coated with silyl-heparin complex 
tended to have a smaller area of granulation than that of the control suture. 

16 

Example 21 Detection of Vascular Endothelial Growth Factor (VEGF) by Immunoassay. 

Ail antibody solutions were filtered through 0.2 micron filters prior to use and prepared in 
phosphate buffered saline (PBS) containing 1 % bovine serum albumin (BSA). Wells of 96 well 
polystyrene microtiter plates were coated with 30 of silyl heparin for 1 5 minutes at 37* C. The 

20 wells were rinsed extensively in water and air-dried. The wells were blocked by adding 250 \iL of 
PBS containing 1 % BSA for 30 minutes. After removing the blocking solution. VEGF in PBS/BSA 
was added In 100 ^L and at the appropriate concentratkin. The plate was incubated at 37** 0 for 
1 hour and rinsed 5 times in water. An aliquot of PBS/BSA containing rabbit anti-VEGF 
antibodies (1 .1 25) was added and the plate Incubated for one hour. After rinsing In water, an 

25 aliquot of PBS/BSA containing horseradish peroxldase-conjugated anti-rabbit IgG (1 :250) was 
added and incubated for one hour. After rinsing, 200 ^iL of chromogen (2.2 -azinobis 3- 
ethylbenzothiazoline-6-sulfinlc acid) from a commercially available kit was added, the color 
developed, and the reaction stopped by adding 50 of aqueous 2% sodium dodecyl sul^e 
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(SDS). The absorbance was monitored at 405 nm. Th results, as shown In Fig. 8, demonstrate 
that VEGF bound to silyl-heparin and the binding was linear. 



Example 22 Effect of varying V and V on Disassodation. 

5 Sllyl-heparln complexes of Fomiula III were synthesized by varying a) the sllyl chain-length 

In the silyl moiety ("n"), and b) the number of silyl moieties per heparin molecule (V). The 
resident time of the siiyl-heparin bound to stainless steel varied, with silyl-heparin complexes 
where n = 4 having the longest resident time. Varying the number of silyl moieties per heparin 
molecule, studied over the range from x = 2 to x = 20 also affected the resident time of the silyi- 

10 heparin complex on stainless steel, with the longest resident time obsen^ed where x - 4 to x = 6. 
The preceding examples can be repeated with similar success by substituting the 
genericaily or specifically described reactants and/or operating conditions of tills invention for 
those used in the preceding examples. 

Although the invention has been described in detail with particular reference to these 

15 prefen-ed embodiments, other embodiments can achieve the same results. Variations and 

modifications of the present invention will be obvious to those skilled In the art and It Is intended to 
cover in the appended claims all such modifications and equivalents. The entire disclosures of all 
references, applications, patents, and publications cited above are hereby incorporated by 
reference. 
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CLAIMS 



What is claimed is: 



5 1 . A coating composition for contacting surfaces of medical device, said composition 

comprising a molecule of Fomiula I: 

^ 'n O 

I 

wherein 

Ri is an Cms allcyl or Ce^ aryl group, 
1 0 each R2 is independently seiected from the group consisting of C1.1B allcyi 

and Oq^2 aryi 

R3 is N or O, 

n is a number from 1 to 10, and 
X is a number from 1 to about 30, 
1 5 bound to a heparin-activity molecule via a covalent bond, thereby forming a silyl-heparin covalent 
complex, with a bioactive molecule directly bound to the heparlh-activity molecule. 



2. The composition according to Claim 1 , wherein the silyl-heparin covalent complex 
binds to the contacting surfaces via hydrophobic bonding interactions. 

20 

3. The composition according to Claim 1 , wherein the silyl-heparin covalent complex 
has a disassociation rate from the contacting surface detennlned by the value of n and x. 
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4. The composKfon according to Claim 2, wherein the heparin-activity molecule Is 
heparin, heparan sulfate, hyaluronic add, dextran, dextran sulfate, chondroitin sulfate, dermatan 
sulfate, or a molecule including a mixture of variably sulfated polysaccharide chains composed of 
repeating units of o-glucosamlne and either L-iduronic or D-glucuronic adds, salts of any of the 

5 foregoing and derivatives of any of the foregoing. 

5. The composition according to Claim 1 , wherein said bioactive molecule is an 
adhesive molecule, a growth factor molecule or a therapeutic molecule. 



1 0 6. The composition according to Claim 1 , wherein said bioactive molecule is directly 

bound to the heparin-activity molecule by affinity complexation. 



7. The composition according to Claim 1 , wherein the silyl-heparin covalent complex 
comprises [benzyl-bis(dimethyIsilylmethyl)]-(N-heparinyl)-carbamate or [benzyl- 

1 5 tris{dimethyisflylmethyl)]-(N-heparinyl)-carbamate. 

8. The composition according to Claim 5. wherein the adhesive molecule Is 
fibronectin, laminin, vitronectin, thrombospondin, gelatin, polylyslne, poiyomlthlne, peptide 
polymers containing adhesive sequences and heparin binding sequences, sulfated complex 

20 carbohydrates, dextran sulfate, growth hormones, cytolcines, lectins, or peptidic polymers thereof. 



9. The composition according to Claim 5, wherein the growth factor molecule Is 
fibroblast growth factor, platelet-derived growth factor, vascular endothelial growth factor, 
hepatocyte growth fector, placental growth factor, Insulin-like growth factor, nerve growth fectors 
25 and neurotrophins, heparin-binding epidennal growth factor, transfonming growth factor-p. bone 
morphogenetic protein 2, osteogenic protein 1 or Iceratinocyte growth factor. 
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10. A medical device with at least one contacting surface for contacting tiodily fluidSp 
the surface having coated thereon a coating composition comprising a molecule of Fomiula I: 




wherein 



and Ce^ aryl, 



Ri is an Cms alliyl or aryl group, 

each R2is independently selected from the group consisting of Cms alkyi 



RsisNorO, 

n is a number from 1 to 10, and 
10 X Is a number from 1 to about 30, 

directly bound to a heparin-activity molecule via covalent bonding, thereby fonnning a silyl- 
heparin covalent complex, with a bioactive molecule directly bound to the heparin-activity 
molecule. 



15 11. The device according to Claim 1 0. wherein the sllyl-heparin covalent complex 

binds to the surface via hydrophobic bonding interactions. 

12. The device according to Claim 1 0, wherein the silyi-heparin covalent complex has 
a disassociation rate from the sur^ce determined by the value of n and x. 

20 

1 3. The device according to Claim 1 0. wherein the heparin-activity molecule is 
heparin, heparan sulfate, hyaluronic acid, dextran, dextran sulfate, chondroltin sulfate, demnatan 
sulfate, or a molecule including a mixture of variably sulfated polysaccharide chains composed of 
repeating units of o-giucosamine and either L-iduronic or D-glucuronic adds, salts of any of the 

25 foregoing and derivatives of any of the foregoing. 
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14. The device according to Claim 1 0, wherein said bioactive mo! cule is an adhesive 
molecule, a growth factor molecule or a therapeutic molecule. 

5 1 5. The device according to Claim 1 0, wherein said bioactive molecule Is directly 

bound to the heparin-activity molecule by affinity complexation. 

1 6. The device according to Claim 1 0. wherein the silyl-heparin covalent complex 
comprises [ben2yl-bis(dimethylsi!ylmethyl)]-(N-heparinyl)-carbamate or [benzyl- 
10 trls(dimethylsilylmethyl)MN-heparinyl)-carbamate. 



17. The device according to Claim 14. wherein the adhesive molecule is fibronectin. 
lamlnin, vitronectin, thrombospondin, gelatin, polylysine, polyornithine, peptide polymers 
containing adhesive sequences and heparin binding sequences, sulfated complex carbohydrates, 

15 dextran sulfate, growth hormones, cytokines, lectins, or peptldic polymers thereof. 

18. The device according to claim 14, wherein the bioactive molecule Is an adhesive 
molecule, whereby the contacting surface is non-thrombogenlc and promotes cellular adhesion. 



20 19. The device according to Claim 14, wherein the growth factor molecule Is fibroblast 

growth factor, platelet-derived growth factor, vascular endothelial growth factor, hepatocyte 
growth factor, placental growth factor, insulin-like growth factor, nerve growth factors and 
neurotrophins, heparin-binding epidemnal growth factor, transfomning growth factor-p, bone 
morphogenetic protein 2, osteogenic protein 1 or keratinocyte growth factor. 

25 

20. The device according to Claim 10, wherein the device is a blood gas exchange 
device, blood filter, artificial blood vessel, artificial valve, prosthetic, blood shunt, catheter, bone 
replacement, cartilage replacement, suture, graft, catheter or nerve growth guid . 
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21 . A method for coating a contacting surface of a medical device with a bioactive 
coating compositioni comprising: 

providing a hydrophobic silyl moiety of Formula I 




J X 



5 • wherein 

Ri is an Ci.i6 allcyl or Ce^ aryi group, 

each R2 is independently selected ftom the group consisting of C^b alkyi 

and Ce^ aryl, 

R3 is N or O, and 
10 n is a number from 1 to 1 0 

binding said silyl moiety to a heparin-activity molecule via covalent bonding, wherein x is 
from 1 to about 30 for each heparin-activity molecuie, thereby fonming a silyl-heparin complex, 
attaching the silyl-heparin complex to the contacting surtece by hydrophobic interaction, 

and 

15 attaching a bioactive molecule to the heparin-activity molecule. 

22. The method of Claim 21 , wherein the silyl-heparin complex has a disassoclation 
rate from the contacting surfeice determined by the value of n and x. 

20 23. The method of Claim 21 , wherein the heparin-activity molecule is heparin, 

heparan sulfate, hyaluronic acid, dextran, dextran sulfate, chondroitin sulfate, dermatan sulfate, or 
a molecule including a mixture of variably sulfated polysaccharide chains composed of repeating 
units of oglucosamine and either L-iduronic or o-glucuronic acids, salts of any of the foregoing 
and derivatives of any of the foregoing. 

25 
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24. Th method of Claim 21 . wherein the bioactiv molecule is an adhesive moiecule, 
a growth factor molecule or a therapeutic molecule. 

25. The method of Claim 21 , wherein the bioactive molecule is attached to the 
5 heparin-activity molecule by affinity complexation. 



26. The method of Claim 21 , wherein the silyl-heparin complex comprises [benzyl- 
bis(dimethylsiIylmethyl)]-{N4ieparinyl)-carbamate or [benzyl-trisW 
heparinyl>-carbamate. 

10 

27. The method of Claim 24, wherein the adhesive moiecule is flbronedin, lamlnln, 
vitronectin, thrombospondin, gelatin, polyiysine, polyomlthlne, peptide polymers containing 
adhesive sequences and heparin binding sequences, sulfated complex carbohydrates, dextran 
sulfate, growth hormones, cytol^ines, lectins, or peptidic polymers thereof. 

16 

28. The method of Claim 21 . wherein the bioactive molecule is an adhesive molecule, 
whereby the contacting surface Is non-thrombogenic and promotes cellular adhesion. 

29. The method of Claim 24, wherein the growth factor molecule is fibroblast growth 
20 factor, platelet-derived growth factor, vascular endothelial growth factor, hepatocyte growth factor, 

placental growth factor, insulln-Iike growth factor, nerve growth factors and neurotrophlns, 
heparin-binding epldemiai growth factor, transforming growth factor-p, bone morphogenetic 
protein 2, osteogenic protein 1 or keratinocyte growth fector. 
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